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The event rates for the direct detection of dark matter candidates, originating from 
UED scenario, are evaluated for a number of nuclear targets. Realistic form factors 
as well as spin ME and response functions are employed. Due to LR+RL helicities 
contribution, the proton amplitude is found to be dominant. Various other non-susy 
dark matter candidates are examined at the end. 
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INTRODUCTION. 

Models with compact extra dimensions offer rich and interesting phenomenology [H, H, H, IH S 
Hi 0> HI • In such models fields propagating in extra dimensions at low energies appear as a tower 
of massive particles corresponding to a given charge and spin. The massive states are nothing 
but modes of the fields carrying quantized momentum in extra dimensions. This means that the 
spacing of the towers is i.e. the inverse of the characteristic size in extra dimensions. In this 
scheme the ordinary particles are associated with the zero modes. In brane world models only 
fields interacting gravitationally can propagate in extra dimensions, i.e. the excitations are of the 
Kaluza-Klein (K-K) type. Models with Universal Extra Dimensions can have stable particles, due 
to KK parity, originating from higher dimensional Poincare invariance (f|. Under this parity the 
even modes, including the ordinary particles, are even and the odd modes are odd. Thus the lightest 
odd mode particle is cosmologically stable. For a recent review we refer the reader to the literature 
Like the neutralino, it must be a neutral a weakly interacting particle. It can thus serve as a 
viable dark matter candidate, which, together with dark energy, seems to dominate in the Universe 
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The K-K WIMP's (Weekly Interacting Massive Particles) velocity dependence can be assumed 
to be the same with that used in neutralino calculations, since a particle's rotational velocity is 
independent of its mass. The kinematics involved is, by and large, similar to that of the neutralino, 
leading to cross sections which are proportional /i r , the WIMP-nucleus reduced mass. Furthermore 
the nuclear physics input, which depends on fi r ~ Am p , is expected to be the same. There are 
appear two differences compared to the neutralino, though, both related to its larger mass. 

• The density (number of particles per unit volume) of a WIMP falls inversely proportional to 
its mass. Thus, since in K-K theories the WIMP mass is much larger than that of the target, 
for a given WIMP-nucleon gross section, the event rate is inversely proportional to the WIMP 
mass. This means that the limits on the nucleon cross section extracted from the data must 
be rising with the square root of the WIMP mass. This allows for nucleon cross sections larger 
than those extracted for the neutralino. 

• The average neutralino energy is now quite higher. In fact for a Maxwell-Boltzmann (M-B) 
velocity distribution one finds that < Twimp >— z^wimp^q, with u the characteristic 
velocity of the M-B distribution, which coincides with the sun's rotational velocity, vq ~ 
2.2 x 10 5 km/s. Thus one finds 
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Furthermore, since the maximum allowed velocity is v esc = 2.84t>o, we find that 
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Thus for a K-K WIMP with mass 1 TeV, the average WIMP energy is 0.4 MeV and the 
maximum energy is 1.2 MeV. Thus in this case, due to the high velocity tail of the velocity 
distribution it is reasonable to expect an energy transfer to the nucleus in the MeV region. 
So one need not attempt to detect such a heavy WIMP the hard way, i.e. by measuring the 
energy of the recoiling nucleus, as in the case of the neutralino. Many nuclear targets can 
now be excited by the WIMP-nucleus interaction and the de-excitation photons can be easily 
detected. 



THE KALUZA-KLEIN BOSON AS A DARK MATTER CANDIDATE 

Assuming small boundary terms we expect that the lightest exotic particle, which can serve as a 
dark matter candidate, is a gauge boson B l having the same quantum numbers and couplings with 
the Standard Model gauge boson B, except that it has K-K parity — 1. Thus its couplings involve 
another negative K-K parity particle. In this work we will assume that such particles are the K-K 
quarks, partners of the ordinary quarks, but much heavier [3,0]. 

Intermediate K-K quarks 

In this case a generic Feynman diagrams are shown in Fig. [TJ The corresponding amplitude 
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FIG. 1: Two diagrams leading to the interaction of K-K gauge boson B 1 with quarks at tree level mediated 
by K-K quarks 



involving left-handed quarks is given by: 
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where g\ = gtanOw — \J iy/^Gpmw tan 9w> Yl = 1/3 and e fJi (p' B ), £ u (pb) are the helicities of the 
K-K bosons. For the right handed quarks of the upper type we have, 
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For the right handed down quarks we have, 
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We also have R-L interference terms, which seem to have been missed in the previous calculations 
HQ. One finds: 
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Since both the K-K bosons and quarks are very massive and the momenta of the external particles 
are quite small one can employ the non relativistic limit. Thus the helicities of the K-K bosons are 
space like. Thus to leading order the amplitude corresponding to Eqs (p} and can be written: 
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The first term in the square bracket is spin independent and it can lead to coherence. The second 
term depends on the spin and it can not lead to coherence. It may be important only in the case of 
odd nuclear targets. The curly bracket in the last equation can be brought into the form: 
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We see that the amplitude is very sensitive to the parameter A ("resonance effect"). For values of 
A not very close to zero the event rate is perhaps unobserved since the mass of the K-K boson is 
expected to be large. In the case of the right handed interaction we obtain an analogous expression: 
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In the case of the R-L interference term there is no 75 term. Furthermore the amplitude to leading 
order is now independent of the energy of the quark. We thus find: 
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with 
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The results in this case are less sensitive to A. 

The next step involves going from the quark to the nucleon level. The only question concerns 
the quark energy. It seems to us that the best procedure is to replace the quark energy with their 
constituent mass ~ l/3m p , as opposed to adopting [H, 0] a procedure related to the current mass 
encountered in the neutralino case 17, In the latter case the amplitude at the quark level 

is proportional to the quark mass (see the intermediate Higgs exchange below). Thus in this case, 
unlike the neutralino dark matter, the process is dominated by the quarks u and d. So the obtained 
results do not critically depend on the quark content of the nucleon. We thus find: 
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In Fig. [5] we present the ratio of the amplitude arising from LL and RR contributions alone divided 
by the total (LL+RR+LR+RL) in the case of the proton. We see that the second term dominates 
even slightly away from the resonance condition. 




1000 1100 



(a) 



'B(i) 



GeV 



(b) 



m s( i) 



GeV 



FIG. 2: On the left we show the ratio (LL + RR)/(LL + RR + LR + RL) of the various chirality amplitudes 
in the case of the proton. On the right we we show the the ratio of the amplitude of the neutron divided by 
that of the proton. Both are exhibited as functions of m B< i) in GeV for the values of A = 0.05, 0.10, 0.20 
and 0.40 (from top to bottom). We see that due to the LR+RL contribution the amplitude associated with 
the proton is dominant. 



In the case of the spin contribution we find at the quark level that 
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In going to the nucleon level we get the isoscalar part 1 
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while the isovector part is: 
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The quantities A q are given by [l], H, EH 

Ait = 0.78 ± 0.02 , Ad = -0.48 ± 0.02 , As = -0.15 ± 0.02. 

We thus find, 

.g = 0.26 , 5 i = 0.41. 
In the proton neutron representation we obtain: 

a p — 0.67 , a n — —0.15. 
The picture is different for the neutralino case in which [20| , 

go = Au + Ad + As = 0.15 , gi = Au - Ad = 1.26 , a p = 1.41 , a n = -1.11. 
Thus at the nucleon level we get 

M spm = -i4V2G F m w tan 2 9 W \ ™v mw fl (A)qi(e*' x e). [7Vcr(.g + 9i t 3 )N} 
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Intermediate Higgs Scalars 

The corresponding Feynman diagram is shown in Fig. [3] The vertex involving the interaction of 
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FIG. 3: The interaction of K-K gauge boson S' 1 ' with quarks at tree level mediated by Higgs scalars 



the Higgs particle with the K-K boson is given by 

Cbbh = gl-ei{p' B )e v {p B )HH gj^et( P ' B )e„( PB )h ~< H >- . 
The coupling of the Higgs scalar to the quark is given by: 

£qqh 



We thus obtain 
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In going from the quark to the nucleon level we follow a procedure analogous to that of the of the 
neutralino 17J, lis ll9( , i.e. 
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we thus get 
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In this case the proton and the neutron cross sections are about equal. 



K-K NEUTRINOS AS DARK MATTER CANDIDATES 

The other possibility is the dark matter candidate to be a heavy K-K neutrino. We distinguish 
the following cases 



Process mediated by Z-exchange 

The Feynman diagram associated with this process is shown in Fig. [5] The qqZ vertex is given 
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FIG. 4: The interaction of K-K neutrino z/ 1 ' with quarks at tree level mediated by Z-exchange 



by. 
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J X (NNZ) = N lx [-2 sin 2 9 W {\ + r 3 ) + (1 - g Al5 )T 3 ] N. 
Thus in the case for the proton we encounter the combination, 

(-3A75 + 1 - 4 sin 2 9 W ) ~ -.9^75 

while in the case of the neutron: 

-1 + 5A75, 

which exhibit the well known fact the in the case of the neutral current interaction we can have 
coherence over the neutrons, but no coherence over the protons. Thus, 



Jx(NNZ) ~ N lx 
In the case of the neutrino vertex we write: 
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Regarding the neutrino current we now have two possibilities: 

• the K-K neutrino is a Majorana particle. In this case the neutrino current is: 

J x (yW) = P«7A75^ (1) - 



(26) 



(27) 



(28) 



The Majorana neutrino has no electromagnetic properties (no neutral vector current interac- 
tion) . 
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• The K-K neutrino is a Dirac particle. In the presence of left handed interaction only we have: 

j A ( z/ W) = ^(i) 7x (l_ 75 yi). (29) 

The amplitude associated with the diagram of Fig. |4] becomes: 

M„ W = Ij^^/^WNNZ) = -±,G F J^) M NNZ). (30) 

In other words in the case of the Majorana neutrino we get: 

M vW = ^=GFNjxg A j 5 T 3 N9 {1) ^ l5 iy {1) , (31) 

while in the case of a Dirac neutrino the coherent contribution dominates, i.e.: 

M vm = ^j=G F N lx ^—p-Ni?^ lx {l - 76 )i/( 1 ). (32) 

Process mediated by right handed currents via Z'-boson exchange 

The process is similar to that exhibited by Fig. 2J except that instead of Z we encounter Z' , 
which is much heavier. We will assume that the couplings of the Z' are similar to those of Z. Then 
the above results apply except that now the amplitudes are retarded by the multiplicative factor 

2 / 2 

k = m z /m z , 

Process mediated by Higgs exchange 

In this case in Fig. [4j Z is replaced by the Higgs particle. In this case the amplitude at the quark 
level becomes: 

M vW (h) = -2V2G F mqm » (1) „Wq q . (33) 
m l 

Proceeding as above we find that the amplitude at the nucleon level is: 

M vW (h) = -2V2G F ^^D^ V V> <N\N^Y] f q . (34) 

m h g 



NUCLEON CROSS SECTIONS 

In evaluating the nucleon cross section one proceeds as in the case of the neutralino. The momen- 
tum transfer to the nucleon is q = 2/i r i;£, where fj, r = reduced mass ~ m p , v is the dark matter 
candidate velocity and £ is the cosine of the angle between the initial dark matter particle and the 
outgoing nucleus. 



The K-K boson case 

To obtain the nucleon cross section, one must sum over the final spin and boson polarizations and 
average over the initial ones. One finds, 

1 m? 1 1 

a N (coh) = —- p -^-- \M coh +M N (h)\ 2 , (35) 
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for the spin independent and spin dependent parts respectively. 

Unlike the neutralino case, where one has to live with an allowed SUSY parameter space involving 
4 parameters, see e.g. Ellis et al [2l[, Bottino et al, and Arnowitt et al [22j| . the situation here is 
much simpler. One encounters only three mass parameters, A, m B <i) , m^, in the case of the coherent 
process and only the first two parameters in the case of the spin cross section. Admittedly, however, 
the cross section depends on large powers of these masses and, therefore, the predictions of the 
event rates are not very accurate. The isoscalar spin cross section and the Higgs contribution of 
the coherent process depend on the structure of the nucleon. The uncertainties encountered here 
are no worse than those in the neutralino cross section. In the evaluation of the parameters f q one 
encounters both theoretical and experimental errors. Thus the nucleon cross section associated with 
the Higgs mechanism can vary within an order of magnitude [1 91 ] . In the present calculation we will 
adopt an optimistic approach and employ: 

h = 0.041, f u = 0.028, f s = 0.400, f c = 0.051, f b = 0.055, f t = 0.095. 

The thus obtained results for the coherent process are shown in Fig. [5] The independent variable 
in our plots is the mass of the dark matter candidate, since this has become standard in analyzing 
the experimental searches. The cross sections associated with intermediate Higgs scalars only are 
plotted in Fig. below. In the case of the spin cross section we obtain the 3-dimensional plots shown 
in Fig. [6] Since the cross sections, especially the spin cross sections, are sensitive functions of their 
arguments we will present the above results a a series of one dimensional plots. This is done in Fig. 
[7] for the coherent mode and in Fig. [8] for that of the spin. 

The K-K neutrino case 

In this case the expression for the cross section is quite simple. We will consider each case 
separately. 



Intermediate Z boson. 

In this case we have two possibilities: 

• Majorana neutrino. Now only the axial current contributes. The proton and the neutron cross 
sections are equal and given by: 

1 G 2 

a N (spin) = -fmlZg 2 ^ = 8.0 x 10 _3 p&. (37) 

7T 8 

• Dirac neutrino. In this case we have again a contribution due to the axial current, but the 
resulting nucleon cross section is twice as large compared to the previous case, i.e.: 

1 C 2 

a N (spin) = ^-ml 3 2 g\ = 1.6 X 10 _ V- (38) 

7T 8 

In the case of the neutron we have, however, an additional spin independent contribution given 
by: 

1 C 2 

aJcoh) = ^ml 2 = 3.5 x 10" 3 p&. (39) 

7T 8 F 
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FIG. 5: The coherent proton cross section on the left and that for the neutron on the right in units of 
10 _6 pb, as a function of the gauge boson mass in the range of 600 — 1200 GeV and the Higgs mass in the 
range of 100 - 200 GeV. From top to bottom A = 0.05, 0.10 and 0.15 respectively 



It is quite straightforward to compute the nuclear cross sections: 



^nuclear [spin) 



7 a N (spin)CspinFn(q) 



(40) 



Here Fu is the spin response function ljj 2^, 24 1, which depends on the energy Q transfered to the 
nucleus, u = rriAQb 2 , with b the nuclear harmonic oscillator size parameter, and Cspin is the nuclear 
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(a) (b) 

FIG. 6: The spin proton cross section on the left and that for the neutron on the right in units of 10 _6 pb, 
as a function of the gauge boson mass in the range of 600 — 1200 GeV and A in the range 0.05 — 0.15. 



static spin ME given by: 

= ^[a p -n n }\ (4i) 

{(Xp = a n = on)- Here Q p and fl n are the nuclear spin ME associated with the proton and neutron 

component respectively. 

The coherent cross section becomes 

VnucleaAcoh) = ^a n (coh)N 2 [F( q f , (42) 

where N is the neutron number and F(q) the nuclear form factor. 




The right handed interaction. 



In this case case the nucleon cross section is retarded compared to the previous case. The obtained 
results are shown in Fig. [9l 



The Intermediate Higgs scalar. 

Naively one expects this process to be suppressed due to the small mass of the u and d quarks 
[25( 1 . present in the nucleon. This is true in the naive quark model for the nucleon. We have seen 
above and we know from the neutralino case that the heavy quarks contribute and in fact dominate. 
One finds: 

/ is 8, 2 m^TTVp) 2 TO 2( Wi/1) ) 2 
(JN\coh) — — (GpTUpj — ^ 4 m p (2^/9) =1-1x10 pb— v - 3 KZ^Jq) • (43) 

^ m h q m h q 

The value ~^2 q f q = 0.67 is acceptable. Using this value we obtain the results shown in Fig. rXUl We 
see that this mechanism excludes a heavy neutrino as a WIMP candidate, unless the Higgs mass is 
much larger. In the Standard Model this is possible and mh can be treated as a parameter to be 
extracted from the data. In SUSY models, however, the lightest neutrino is expected to be quite 
light, m h ~ 120 GeV. 
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FIG. 7: The spin independent proton cross section on the left and that for the neutron on the right in units 
of 10 _6 pb, as a function of the gauge boson mass in the range of 600 — 1200 GeV. ^From top to bottom 
A = 0.05, 0.10, 0.20, 0.40 and 0.80. On each plot we show results for m h = 100, 125, 150, 175 and 200 GeV 
with mass increasing downwards. Note that in the case of the proton, due to the RL+LR dominance, the 
effect of Higgs contribution is not visible. 
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FIG. 8: The spin proton cross section on the left and that for the neutron on the right in units of 10~ pb, 
as a function of the gauge boson mass in the range of 600 — 1200 GeV. From top to bottom A = 0.05, 0.10 
and 0.20 respectively. 




FIG. 9: The coherent nucleon cross section in the case of right handed neutrino interaction for a Dirac v' 
as a function of the gauge boson mass responsible for this interaction. 



13 




FIG. 10: On the left we show the coherent nucleon cross section as a function of m v {i) and nih in GeV. On 
the right we show the same thing as a function of the mass of u^ 1 ' for the indicated Higgs mass (from top to 
bottom 100, 125, 150, 175 and 200 GeV). We see that this mechanism excludes a heavy neutrino as a WIMP 
candidate, unless the Higgs mass is quite large. 



OTHER NON SUSY MODELS 



There exist extensions of the Standard Model not motivated by symmetry, which may have a 
particle content similar to that of K-K theories discussed above. Such models, however, have a 
much lower predictive power than the K-K scenarios discussed above. To see this we examine the 
following cases: 

• Models which introduce extra Higgs particles and impose a discrete symmetry which leads to 
a " parity" a la R-parity or K-K parity . 

• Extensions of the Standard Model, which do not require the ad hoc introduction of a parity, 
but introduce high weak isospin multiplets with Y=0. So the WIMP-nucleus interaction 
via Z-exchange at tree level is absent and the dominant contribution to the WIMP-nucleus 
scattering occurs at the one loop level. 

We will consider here the first of the above possibilities (2(|. All particles of the Standard Model 
have parity +1, while the new exotic particles have parity — 1. The Standard Model particles of 
interest to us here, leptons and Higgs, are: 

{ Vi ,k)~ (2,-1/2), ^ ~ (1,1), JV<~(1,0), (44) 
(</>+, 0°)~ (2,1/2), (n+rf)* (2,1/2). (45) 

in the usual notation SU(2)l x U(1)y quantum numbers. Consider now the following minimal 
extension of the SM with symmetry SU(2)l x U(1)y X Z2 and particle content: 

(fi.ii) ~ (2,-1/2;+), if ~ (1,1;+), ^-(1,0;-), (46) 
(0 + ,0°)~(2,l/2;+), fa+ „°)~(2,l/2;-). (47) 

Note that the particles Ni and the scalar doublet (r) + ,ri ) are odd under Z^. This makes the 
lightest exotic particle a viable dark matter candidate. In other words in this economic scenario one 
introduces: 

• A new doublet of Higgs scalars 77, which have the same quantum numbers with the ordinary 
Higgs, but parity — 1. These are expected to be quite massive, but they do not develop a 
vacuum expectation value. 



• Assign parity —1 to the usual isosinglet right handed neutrinos. 
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In this scenario the see-saw mechanism for neutrino mass generation is not operative. One can not 
have a Dirac mass term ViL<f> NjR — > ^iL ~< 4>° >~ Njr since the "parity" forbids it. One can have 
Majorana mass terms at the one loop level as shown in Fig. [TTJ involving two r\ scalars. The two r\ 
scalars couple with the ordinary Higgs scalars with a quartic coupling A. The net result is that the 
isosinglet neutrino can be much lighter than that of the the standard see-saw mechanism. We now 



< </>° > < </>° > < <P° > < 0° > 




FIG. 11: The 1-loop diagram responsible for the Majorana neutrino masses. Note that, since the isosinglet 
neutrino has negative Z2 parity, there is no Dirac mass. An adjustable quartic coupling A is understood. 

have two possibilities 

• The lightest of the heavy neutrinos is the dark matter candidate. 

In this case the obtained results are the same as those discussed in the previous sections in 
connection with the right handed interaction (see Fig. [5]). 

• The neutral component of the exotic Higgs scalars 77 is the dark matter candidate. In this case, 
since we have not introduced exotic quarks, the interaction of the dark matter candidate with 
the quarks is achieved only via the ordinary Higgs (see Fig. 1121 The corresponding effective 




q ► 1 ► q 

FIG. 12: The The mechanism leading do direct dark matter detection for a scalar WIMP rf , which is 
stable to the fact that it has Z2 parity —1. This is similar with Fig [3] except that an effective coupling 
\ e ff = A(<7i/4), with A treated phenomenologically, is understood. 

r\r\h coupling is now parameterized as A e // = X(gf/4) (A = 1 corresponds to the K-K case). 
Applying the formalism of the previous section we obtained results like those shown in Fig. . 

As in the case of K-K theories, only in the next generation of experiments such WIMP's can be 
detected. 

Before concluding this section we should mention another interesting extension of the Standard 
Model in the direction of technicolour (28|. In this case the WIMP is the neutral LTP (lightest 
neutral tcchnibaryon) . This is scalar particle, which couples to the quarks via derivative coupling 
through Z-cxchangc. This model, however, in its present form, leads to too large nucleon cross 
sections and is excluded by the data. 
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(c) (d) 

FIG. 13: The nucleon cross section corresponding to the r\ scalar being the dark matter candidate, as a 
function of the r\ mass. On each graph we present results for mj, = 100, 125, 150, 175 and 200 GeV (the mass 
increases downwards). /From top to bottom and left to right A = 1, 0.5 , 0.25 and 0.1 respectively. Note 
that the special case A = 1 it coincides with the Higgs contribution discussed above in connection with the 
K-K theories. 



EVENT RATES 



The event rate for the coherent WIMP-nucleus elastic scattering is given by 1^, 29j |: 
p(0) m 



R = 



VW) fcoh (A, Hr(A)) ap X o + f spin (A, Hr(A)) CTp^o C,spv 



with 



fcoh (A, Z, n r {A)) 



lOOGeV 



fir {A) 
Mr(p) 



2 2 



9 ™ h ^ Z) t coh (1 + h coh cosa) , 



and g co h{A, Z) = A, A — Z ', Z for total, neutron and proton coherence respectively. 



fspin (A, fl r (A)) — 



lOOGeV 



Hr(A) 



1 2 



fl r (p) 



v spin 

~A~ 



(1 + h spin cosa) 



with a o and a spl ™ the scalar and spin proton cross sections Cspin the nuclear spin ME 



In this work we will ignore the motion of the earth, i.e. h 



spirt 
coh hspin 



no modulation. 



(48) 



(49) 



(50) 



The coherent contribution due to the scalar interaction. 



The number of events in time t due to the scalar interaction, which leads to coherence, is: 

R * 1.60 10- 3 ^ P(0) m VW) <* f {A z {A)) _ (51) 

ly0.3GeVcm~ 3 lKg 280kms _ 10 -6 pb ' ,P 1 " V ; 

The parameter t depends on the structure of the nucleus, the WIMP velocity distribution, the WIMP 
mass and the energy cutoff imposed by the detector. In the case of 127 I this parameter is shown in 
Fig. [14] The nucleon cross section depends on the particle model. We will consider the following 
cases: 
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50 75 100 125 150 175 200 tuwimp -> GeV 



FIG. 14: The parameter t in the case of 127 I as a function of the WIMP mass in GeV for zero threshold (con- 
tinuous curve) and a threshold of 10 keV (dotted curve). For higher WIMP masses t remains approximately 
constant. 

200 i 8 S. 

150 \ 6 N. 



600 700 800 900 1000 1100 1200 ^ ' ' 14 q0 1600 180 2 000 

< a ) < b ) mwiMP — > GeV 

FIG. 15: The coherent event rate R per year per Kg of target in the case of 127 I, in the case of the K-K gauge 
boson as WIMP, plotted a as function of the WIMP mass in GeV for zero threshold (continuous curve) and 
a threshold of 10 keV (dotted curve). Both figures show the same quantity except the WIMP masses range 
is different. 



• The WIMP is a K-K boson 

In this case we will consider the viable possibility A = 0.8 (see Fig. [7}. Then one obtains the 
event rates shown in Fig. 1151 We see that, even further from the degeneracy and quite heavy 
WIMPs, m x ~ 1 TeV, the event rates are detectable. 

• The WIMP is a K-K Majorana neutrino. 

The Dirac K-K neutrino case is excluded, since, then, the Z-induced neutron coherent contri- 
bution would be too large. In the case of Majorana neutrinos one can have coherence due to 
the amplitude obtained via the Higgs exchange. The obtained results are shown in Fig. [16] 
From this figure we see that the lighter Higgs mass is allowed by the data only for relatively 
light WIMPs. The heavier Higgs mass, however, is allowed for all WIMPs. Clearly such heavy 
Higgs cannot occur in SUSY theories, since then, m/j < 120 GeV. 



The spin interaction. 



In this case, the event in time t rate can be cast into the form: 
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600 700 800 900 1000 1100 1200 1400 1600 1800 2000 



(c) (d) 

mwiMP — > GeV 

FIG. 16: The same as in Fig. 1151 when the WIMP is a K-K Majorana neutrino v"'. The coherent process 
is mediated by Higgs exchange, with mj, = 300 GeV on the top and 500 GeV at the bottom. The lighter 
Higgs mass is allowed by the data only for relatively light WIMPs. The heavier Higgs mass is allowed for 
all WIMPs. Clearly such heavy Higgs cannot occur in SUSY theories (mj < 120 GeV). 



Note that there is a different normalization, since due to the lack of coherence, the nucleon spin 
cross section must be larger to yield detectable results. In the above expression 

O \ dp 

with a p , a n the proton and neutron spin amplitudes normalized so that 19] a p — la^and cr n — |a^|. 
fl p , Q n are the nuclear spin matrix elements arising from the protons and neutrons respectively, 
normalized so that ( — 1 for a single proton. The case of interest to us is when the WIMP is a K-K 
Majorana neutrino. In this case we have found that a p — ~a n and a p = a n = 8.0 10 -3 pb. We will 
examine the following cases: 

• The target 19 F = 1.646, O n = 0.30). 

This light target is favored from the spin ME point of view [3, [23| , but for heavy WIMPs 
is disfavored due to the small reduced mass. The parameter t sp i n is shown in Fig. 1171 The 
obtained rates are shown in Fig. [TH 

• The target 73 Ge (fi p = 0.036, Q n = 1.040). 

This medium mass target, favored for the coherent process as well, is characterized by large 
spin [l!|,[3(j-[3l| induced rates. The parameter t 8p i n is shown in Fig. [TU The obtained rates 
are shown in Fig. [501 

The target m I (fi p = 1.460, Q„ = 0.355). 

This medium mass target, with which the DAMA experiment 3^, 33 1 claimed to have observed 
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FIG. 18: The spin event rate R per year per Kg of target in the case of F, in the cases the WIMP is a K-K 
majorana neutrino, plotted as a function of the WIMP mass in GeV for zero threshold (continuous curve) 
and a threshold of 10 keV (dotted curve). Both figures show the same quantity except the WIMP masses 
range is different. 



a signal, is favored for the spin contribution as well due to the large reduced mass, even though 
the spin ME is modest [3(|- 31 1. The parameter t sp i n is shown in Fig. [21] The obtained rates 



are shown in Fig. [22] We see that a K-K Majorana neutrino is not excluded by the data. 



DISCUSSION 



Even though the neutralino is the preferred WIMP candidate, in this work we concentrated on 
non-SUSY WIMPs. Extensions of the Standard Model, not motivated by some symmetry, involve 
many parameters and do not have much predictive power. So we will concentrate on K-K WIMPs, 
whereby the couplings involved are those of the Standard Model. Thus essentially one encounters 
only one unknown parameter, namely the WIMP mass. 

^From the results of the previous section, in connection with the K-K WIMPs as dark matter 
candidates, one can conclude the following: 



1 . 5 



0.5 



50 



75 100 125 150 175 200 mwiMP -> GeV 
FIG. 19: The parameter t S pin in the case of 73 Ge. Otherwise the notation is the same as in Fig. 1171 




(a) 

mwiMP — » GeV 



FIG. 20: The same as in[l8]in the case of the 73 Ge target. 




50 75 100 125 150 175 200 mwiMP — > GeV 
FIG. 21: The parameter t sp in in the case of 12 I. Otherwise the notation is the same as in Fig. 1171 
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• The K-K neutrinos as CDM candidate. 

In this case everything is under control, except of course, the fact that we do not know for 
sure whether the K-K neutrinos are Majorana or Dirac particles. Most authors expect them 
to be Dirac neutrinos (see, e.g. Servant [9(). In the case of Higgs contribution the nucleon cross 
section is the same both for Dirac and Majorana neutrinos. It is proportional to the [m„(i)] 2 
and excludes the K-K neutrino as a viable WIMP candidate, unless the lightest Higgs is very 
heavy. In all other cases the WIMP mass enters via /j, r , both explicitly and implicitly through 
the nuclear form factor. Anyway, since, essentially from cosmological requirements [l], 0], the 
K-K neutrino mass is expected to be in the TeV region, /i r ~ Am p . So the cross section is 
independent of the WIMP mass. The number of WIMPs in our vicinity, for a given density, is 
inversely proportional to the WIMP mass. Thus the rate will scale as follows: 

R(m W iMp) = R(A) AGeV . (53) 
mwiMP 

Large nucleon spin cross sections (~ 10 -2 ) pb are possible via Z-exchange. Thus Dirac neutri- 
nos are excluded due to neutron coherence. No such coherence exists for Majorana neutrinos, 
so these can not be excluded from the data (16 events per year per Kg of targetjlij]). The 
precise predicted rates depend on nuclear physics assumptions. 

• The K-K boson as CDM candidate. 

For heavy WIMPs Eq. (fS"3")) holds in this case as well allowing larger nucleon cross-sections to 
be consistent with the data. 

1. The unknown parameters of the theory are the masses of K-K quarks and gauge bosons 
as well as the mass of the neutral Higgs. All relevant couplings are under control. 

2. In the spin independent mechanism the proton cross section is dominant. This is due to 
the RL+LR currents. This prediction can be consistent with the present data only away 
from the resonance and/or large K-K gauge boson masses. We should also take note of 
the fact that the event rate will be down by a factor Z 2 /A 2 compared to the analysis of 
the neutralino case. This contribution (LR+RL) is absent in the spin mode. It is also 
absent in the case of the neutron cross section. 

3. Even in the other cases the proton cross sections are larger than those for the neutrons. 

4. The results fall quite fast with increasing boson mass. 

5. The obtained results, in particular those associated with the spin, are very sensitive 
functions of the mass difference A between the K-K quarks and the K-K bosons. 
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6. For sufficiently small A, the process involving the K-K quarks is more important than the 
Higgs induced cross section. Away from the resonance the Higgs contribution becomes 
significant. 
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